Microcracks in neutron-irradiated nuclear grade graphite have been examined in detail for the first time using a combination of transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS), energy dispersive X-ray (EDX), and energy filtered TEM (EFTEM). Filler particles from both unirradiated Pile Grade A (PGA) and three irradiated British Experimental Pile 'O' (BEPO) graphite specimens were investigated with received doses ranging from 0.4 to 1.44 displacements per atom (dpa) and an irradiation temperature of between 20-120°C. We suggest that the concentration and potentially the size of microcracks increase with increasing neutron irradiation and show that disordered carbon material is present in a range of microcracks (of varying size and shape) in all specimens including unirradiated material. EFTEM and EELS data showed that these cracks contained carbon material of lower density and graphitic character than that of the surrounding bulk graphite. The presence of partially filled microcracks has potentially significant implications for the development of microstructural models for the prediction of radiation-induced dimensional and property changes in nuclear graphite.
Introduction
The majority of the UK's operating nuclear reactors contain significant levels of graphite which not only moderates the energies of fast neutrons due to the high scattering cross section, but provides structural support, accommodates fuel and control rods, and allows for coolant flow. High levels of neutron irradiation and temperature result in chemical and physical property changes which consequently affect the structural integrity and functionality of the channel which would affect the safe running of the reactor. The reactor lifetime is therefore limited by the condition of the irreplaceable graphite, so an understanding of its behaviour is essential for plant safety and maximised power output.
Nuclear graphite consists of a coke-based filler, filler-binder matrix, and voids. The voids are in the form of gas-escape pores and cracks of varying dimension accounting for ca. 20% of the total volume. This graphite composite is often imparted with a preferred orientation via extrusion which assumes the filler crystallites (particularly if they are needle shaped) are aligned with their c-axes perpendicular to the extrusion direction. The removal of volatiles during the manufacturing process produces gas-escape pores which are open and do not accommodate thermal expansion due to their larger dimension [1] ; however they do affect properties such as strength, thermal conductivity and Young's modulus, particularly under radiolytic oxidation during reactor operation [2] . Gas-escape pores have therefore not been considered in this study.
During almost every step in the high temperature graphitisation process associated with the manufacture of nuclear graphite and also during reactor operation, cracks arise due to a number of factors. Firstly, as a result of gradients in both temperature (during manufacture and operation) and neutron flux (during operation) and, secondly, as a result of the anisotropy of the coefficient of thermal expansion (CTE) in crystallites and the consequent generation of internal stresses beyond the elastic limit of graphite crystals [3] [4] [5] . The internal stresses act on both the carbon bonds between crystallites and on the Van der Waals forces between basal planes; to relieve this stress cracks form, more usually between the weaker bound basal planes. Since the CTE is higher in the crystallographic c-direction (ca. The basic understanding of irradiation-induced dimensional change in a perfect graphite crystal involves growth in the c-axis and contraction in the a-axis. This is presumed to arise from the formation of interstitial and vacancy defects during neutron bombardment which can accumulate as clusters.
However the microstructure of nuclear graphite is complex and at low doses, it is suggested that c-axis expansion is accommodated by the microcracks [3, 6] leaving solely to shrinkage along the a-axis which leads to the observed net volume shrinkage. With increasing dose during reactor operation, the rate of contraction or shrinkage reduces and eventually the cracks are presumed to close and c-axis expansion is no longer accommodated producing net volume expansion, the critical point at which this reversal occurs is known as "turnaround" which can vary with operating temperature [7] .
Microcracks can be classified into two categories: intra and inter-granular, where the former are found within crystallites and lie perpendicular to the crystallographic c-direction (e.g. Mrozowski cracks [2, 4] ). The latter lie between crystallites at grain boundaries with, in principle, no specific orientation with respect to neighbouring basal planes, unless crystallites are aligned as a result of mesophase development. Within thermally anisotropic filler particles, (closed) calcination cracks form due to volumetric shrinkage during the 1300°C calcination stage in the manufacturing process [3] .
In nuclear graphite, microcracks have been reported to range in size from less than ca. 5nm to 200nm in width and up to 10 m in length [2] [3] [4] 6] . The nature of the material within a crack depends on the crack type; it has been proposed that microcracks in Pile Grade A, Gilsocarbon, baked carbon [6] , and highly ordered pyrolytic graphite (HOPG) [6, 8] contain low density disordered carbon perhaps arising from interstitial atoms migrating from the bulk following irradiation and sintering-induced diffusion.
However, limited research has been carried out to characterise this material in both non-irradiated and irradiated graphite, which could better the understanding of the mechanisms involved in crack expansion and contraction [2, 8] , and hence their influence on macroscopic properties such as CTE and elastic modulus during reactor operation.
Delannay et al. [5] used crystal plasticity finite element modelling to predict irradiation-induced dimensional change and variations in CTE at a variety of reactor temperatures. Predictions were in agreement with experimental data showing bulk material shrinkage with irradiation and turnaround after crack closure. All cracks in this model were empty; extending the model to 3D and including a proportion of filled cracks could be of interest in relation to the results subsequently described in this paper.
The investigation of a variety of microcracks in non-irradiated nuclear graphite and HOPG has been undertaken by Wen et al. [6] who showed the presence of lenticular cracks of up to 10 m long and up to 100nm wide in Pile Grade A (PGA) nuclear graphite; a fine structure of smaller cracks was also observed with crack lengths down to 10nm. Both empty and filled microcracks were identified in nonirradiated and electron irradiated material; cracks in the latter were suggested to contain low density, amorphous material. Via a comparison of transmission electron microscope (TEM) samples produced by both ion beam thinning and microtome sectioning techniques, it was confirmed that this amorphous material observed within the cracks was not a result of TEM sample preparation. In-situ heating of samples to 800°C under a 200kV electron beam showed a gradual closure of cracks along the c-axis.
Electron beam exposure without in-situ heating also caused cracks to close; after 15 minutes a 60nm crack was observed to reduce in width to 6nm, and in some areas to close completely. Neutron irradiated nuclear graphite was also investigated by Karthik et al. [9] , who used TEM to observe changes in both the microcracks and the nanostructure. In both filler and binder phases of NBG-18 and IG-110 graphites irradiated to 1.42 dpa and 1.91 dpa respectively, there were no significant changes in the size distribution of microcracks as compared to non-irradiated specimens. The absence of microcracks in specimens irradiated to ca. 6.7 dpa at ca. 670°C was attributed to the closure of preexisting microcracks from significant c-axis swelling. Open microcracks within filler particles in all specimens appeared to contain amorphous carbon but no further analysis on this material was performed. TEM lattice images of specimens irradiated to 6.78 dpa at 678°C provided evidence for intense nanostructural damage through the fragmentation and bending of basal planes, however the retention of (002) spots in selected area electron diffraction (SAED) patterns showed that the layered structure was preserved. Noise filtering of lattice images was used to highlight extended interlayer defects and prismatic dislocations, similar to those found following electron irradiation [10, 11] . This paper extends this work and presents a study of microcracks in irradiated graphite samples removed from the British Experimental Pile 'O' (BEPO) reactor as well as in non-irradiated Pile Grade A (PGA) graphite for comparative purposes. Using TEM, energy dispersive X-ray spectroscopy (EDX), electron energy loss spectroscopy (EELS) and energy filtered TEM (EFTEM), the material within a variety of cracks is characterised in detail and suggestions are made regarding its origin and importance for understanding radiation-induced property changes in these materials. The material investigated in this work has also been studied using Raman spectroscopy by Krishna et al. [12] , and the present results are correlated with their findings.
Experimental procedure and sample preparation
The nuclear graphite grades examined were BEPO and PGA; three BEPO samples of varying received dose were used from the same trepanned column. BEPO1 was farthest from the reactor core ). The irradiation temperature during operation (in air) was between 20°C and 120°C, which is lower than the usual advanced gas cooled reactor operating temperature of ca. 350°C. During the last 5 years the air was recirculated and temperatures were increased up to ca.
180°C to achieve a higher thermal output. The reactor was also annealed twice to ca. 230°C, once during operation and once after to release the 200°C Wigner peak [13] . BEPO graphite is an extruded cokebased grade containing elongated needle filler particles (similar to those found in PGA) within a porous binder phase where the binder and crystallites do not have preferential alignment. The filler particles are fairly consistent in size, of the order 1mm × 0.5mm [14] . The BEPO reactor was in operation from at Harwell in the UK and used natural or low-enriched uranium fuel and a graphite moderator to demonstrate the design for the Windscale Piles and to provide a facility for materials testing and radioisotope production [15] . For comparison, a non-irradiated PGA graphite specimen was also studied. It is believed that there is no remaining non-irradiated BEPO graphite. Specimens for transmission electron microscopy (TEM) were prepared using an FEI Nova200 dual beam SEM/FIB fitted with a Kleindiek micromanipulator for in situ lift out. Using this sample preparation technique allowed for areas of filler to be specifically selected. The analysed areas had varying thickness; but always below 150nm. A gallium ion beam energy of 30kV and beam currents between 5000nA and 100nA were used, except for the final cleaning step where an energy of 5kV and current of 29pA were used in order to minimise the effects of beam damage and redeposition of sputtered material. . Images and spectra were captured with the 1 megapixel slow scan CCD array of the GIF. Data from the array were processed using Gatan's Digital Micrograph software. STEM/EDX measurements were carried out using an Oxford Instruments INCA 350 EDX system (probe size 5-10nm). EELS data was collected at SuperSTEM (the UK national facility for aberration corrected scanning TEM) using a Nion UltraSTEM100 equipped with a Gatan Enfina Spectrometer, operated at an acceleration voltage 60kV. The choice of operating voltage was made with the aim to minimize beam induced irradiation damage. The energy resolution in best conditions was 0.45eV and the convergence semi-angle was ca. 30mrad.
In order to measure and compare the density and graphitic nature of material within a microcrack to those of the bulk, EEL spectra were collected from several regions: within a microcrack, on the edge of a microcrack and in the neighbouring graphite bulk. Quoted energies from EEL spectra were determined by taking a first derivative to define the edge onset or peak position. Within the low loss region of a graphitic EEL spectrum, the π plasmon, around 6eV, provides information about the graphitic character, crystallinity and the degree of π bonding, and the (π+σ) plasmon peak, at 26-27eV, is related to the valence electron density which can be related to the bulk density [16] .
To determine stable conditions for such measurements which are independent of specimen orientation or experimental conditions, two calibration experiments were performed: the first monitored the change in (π+σ) plasmon peak position with EELS collection semi-angle to establish the collection semi-angle threshold required for a non-variable plasmon peak position, and the second verified the orientation independence of the plasmon peak position at a specified collection angle (Figure 1 ). At 200kV the (magic angle) collection conditions were determined and published by Daniels et al. [17] for the microscopes used in these TEM experiments. For the EELS measurements at 60 kV, although the conditions did not satisfy the magic angle criterion, there was found to be only a small variation in plasmon peak position within a limited tilt range. Assuming there is no significant change in local orientation in the graphitic planes surrounding the cracks, any effect on the low loss spectrum should therefore be negligible. Furthermore, compared to the bulk material, it is expected that the material within the crack is more isotropic which would lead to a reduced effect of relative orientation changes in the spectrum. Preliminary EELS calibration studies showed that the (π+σ) plasmon peak energy position increased with increasing collection semi-angle (controlled by changing the camera length in diffraction mode) up to a limiting value of 26.5eV for a collection semi-angle of 3.4mrad at 60kV accelerating voltage; corresponding values for 80kV and 200kV were 4.0mrad and 7.6mrad respectively. For example, Figure   1 shows there is no significant variation in the (π+σ) plasmon peak energy with sample orientation for a collection semi-angle of 3.7mrad for 60kV over an angular (tilt) range of ca. 15 degrees similar to the results of Daniels et al. at 200kV [17] . Therefore, operating at a collection angle of > 3.7mrad at 60kV during EEL spectroscopy ensures a consistency in plasmon peak position, where any changes are a direct result of varying density. The objective aperture used in the EFTEM plasmon ratio imaging at 200kV gives a collection angle of 10.9mrad and therefore satisfies the above condition that β > 7.6mrad for 200kV. In the carbon K-edge core loss EEL spectra information about the planar sp 2 content and graphitic nature of the material can be determined from the π* and σ* peaks, around 285eV and 290eV
respectively. In addition to the primary π* peak at 285eV, the spectral intensity around 287eV gives information about hetero-atom content (deemed to be negligible in this case due to the high graphitization temperatures) and what we term as non-planar sp 2 carbon (non six membered rings which induce curvature in the basal planes) [11, 18, 19] . Figure 2 shows TEM images of the FIB sections from the non-irradiated PGA and all three irradiated BEPO specimens. Image analysis of TEM micrographs showed that with increasing dose the (areal) concentration, width and periodicity of cracks appears to increase significantly and that all specimens (both non-irradiated and irradiated) contained both filled and empty cracks; the latter are evident in reflects the fragmentation of the graphite microstructure with increasing neutron irradiation as has been observed in [20] [21] [22] . The periodicity (in cracks/ m) and areal concentration (in % area) varied from: 4.5 and 1.5% in non-irradiated PGA; to 0.21 and 1.0% in BEPO1; 0.56 and 4.4% in BEPO16 and 1.70 and 9.6% in BEPO20, respectively. PGA showed many long narrow cracks which were ca. 10 nm wide and up to 1µ m long. BEPO1 showed slightly wider cracks (ca. 50-300nm), BEPO16 showed considerably wider cracks, whilst BEPO20 showed a mixture of long thin lenticular cracks and larger wide cracks. Despite all specimens being selected from filler regions, we appreciate that such observations and semi-quantitative analysis must be interpreted with caution owing to the heterogeneous nature of nuclear grade graphite.
Results and discussion
In Figure 3 , higher magnification TEM images show a range of microcracks (labelled A-D). In the TEM bright field micrograph in Figure 3 (b) regions of darker contrast might refer to either thicker material or material of a higher graphitic content. To distinguish between the two, EFTEM images were also collected and plasmon ratio maps were produced, the results of which will be discussed later in this section. High magnification TEM imaging and electron diffraction provide information about the crystallographic orientation of the cracks, and from Figure 3 To first establish that the material observed within a microcrack does not contain redeposited material from the FIB sputtering process or material amorphised by (Ga) ion beam implantation, EDX measurements were collected and quantified in terms of their Ga and Pt content (Figure 4 ). 15 EDX spectra were analysed; the Ga and Pt content of regions containing FIB induced material were found to be significantly higher (Figure 4) . The low Ga and Pt content regions consistently contained below 0.2% Ga and 0.15% Pt (atom%); in our experience these are close to the limits of detection for these elements using this experimental setup. EDX spectra showing microcracks with Ga content > 0.2% and Pt content > 0.15% were therefore considered to contain FIB-induced damaged and/or redeposited material and all associated datasets were disregarded. The presence of a Cu peak in all spectra is due to the Cu TEM grid used, and the Pt peak which appears together with Ga is associated with FIB sputtering (from a protective Pt strap layer on top of the specimen) and redeposition. The small levels of Ga visible in Figure 4 (a) are most likely due to an unavoidable Ga implantation outer layer associated with all FIB prepared samples [23] . Specifically we note that, firstly, all samples studied (including unirradiated material) contained both filled and empty cracks in agreement with the findings of Wen et al. [6] for unirradiated material and Karthik et al. [9] for neutron irradiated material -in both cases samples having been prepared by conventional ion beam thinning (and also microtomy in the case of Wen et al. [6] ).
Secondly, in the irradiated material, shown for example in Figure 4 (a), we observed the presence of filled microcracks which were not associated with significant levels of Ga. When taken together this suggests that our FIB preparation protocol is relatively robust in relation to redeposition of sputtered material and also significant amorphisation. EFTEM images were also used to assess the graphitic nature of the material within a microcrack.
Following the procedure outlined in Daniels et al. [17] , two filtered images were used to produce an I27eV/I22eV plasmon ratio map to remove diffraction contrast and thickness effects; a 3eV window centered at 27eV representing the position of the plasmon peak for graphite and a 3eV window centered at 22eV representing the position of the plasmon peak for non-graphitized material. Ratio maps were calibrated to 0.8 ≤ I27eV/I22eV ≤ 1.8 following measurements by [17] so that high intensity reflects graphitic material and low intensity non-graphitic material.
To confirm the removal of thickness contrast, this method was first applied to a HOPG specimen of varying thickness ( Figure 5 ). Here it can be seen that significant thickness contrast in the unfiltered TEM image of HOPG translates to relatively even contrast in the plasmon map; whilst the amorphous carbon support film appears much darker due to the lack of graphitic character. In Figure 5 (b) the plasmon ratio intensity drops linearly from 1.4 to 0.6 at the HOPG surface indicating a presence of amorphous carbon. The plasmon ratio intensity over the hole is negligible which should be taken into account when analysing the material/lack of material within a microcrack in an EFTEM of irradiated graphite. The degree of success in thickness contrast removal is dependent on the symmetry of the (π+σ) plasmon; according to Daniels et al. [17] significant asymmetry which might affect the plasmon maps occurs for sample thicknesses over ca. 200nm. The thickness of each area was therefore determined (using EELS) to ensure this criterion was satisfied. The results of the EFTEM measurements on neutron irradiated BEPO specimens are shown in Figure   6 where the removal of thickness contrast is apparent when comparing the intensities in the zero loss, 22eV and 27eV filtered TEM images to the I27eV/I22eV plasmon ratio map. three different areas within cracks (A-C) and part of the bulk between cracks (D). Figure 6 (e) shows the basal planes in the graphitic bulk and (f) shows analysis of this micrograph to detect and measure fringe lengths and their tortuosity using software provided by the PyroMaN research group at the University of Bordeaux [24] . Analysis of (002) fringes in a variety of regions (>5 regions per specimen) for all three specimens highlights the effects of neutron radiation damage; fringes appear to be broken up (to lengths < ca.10nm) and tortuous (to levels of <1.14, the ratio of the length of the curve to the direct distance between two end points). There does not appear to be any specific correlation between fringe length/tortuosity and received dose however, suggesting the effects of neutron irradiation at the atomic scale are highly variable and site specific. A detailed discussion of this methodology and its application to nuclear graphite can be found in [11, 24, 25] .
In Figure 6 (a) the dark features in the zero loss EFTEM image represent thicker material whereas the inverse is the case for the 22eV and 27eV filtered images in (b) and (c). However in the plasmon ratio map (Figure 6(d) ), the removal of thickness contrast means that bright features now represent regions of high graphitic character (27eV) and dark features reflect either a hole or a region of low graphitic character (22eV). Intensity profiles can be used to quantify interpretations (Figure 7) . When comparing the zero loss EFTEM image (Figure 6(a) ) to the plasmon ratio map (Figure 6(d) ), regions A, B, and C clearly differ. In the zero loss EFTEM, the crack at region A shows a high intensity. This is mirrored in the plasmon ratio map, where a relatively low intensity is recorded (ca. 1.35 calibrated intensity units or 25.5eV). For region B in the same crack, the zero loss EFTEM image shows a slightly lower intensity which is matched with a higher intensity in the plasmon ratio map (ca. 1.45 calibrated intensity units or 26.3eV). The differences in plasmon ratio map intensities are shown in more detail in Figure 7 and particularly highlight the effects of thickness contrast. In the zero loss image, one might assume region A was a hole. However upon closer inspection in the plasmon ratio map both regions A and B contain low density graphitic material. The intensity and corresponding plasmon energy over different cracks in all EFTEM plasmon ratio maps were measured. The average plasmon intensity was 25.4eV; the lowest value was found over a crack in BEPO20 measuring 23.7eV and the highest over a crack in BEPO1 measuring 26.7eV.
On examination of the higher intensity regions in Figure 7 , particularly that on the left of region B, a fluctuation in intensity with a periodicity of approximately 8nm suggests bands of material with different graphitic character are present; a result which is representative of all samples (with a slight variation of a few nm in periodicity). The change in intensity of these bands is reasonably significant with troughs as low as ca. 1.55 and peaks as high as ca. 1.75. These fluctuations are not a result of noise, the frequency of which is much higher. It is possible that these bands show the beginnings of crack formation where a trough (in the plasmon ratio map) will deepen and widen to form a crack containing disordered carbon. Damage accumulation and interstitial surface diffusion could perhaps result in regions of localised disordered material which act as sinks for further damage and eventually expand into cracks. A detailed discussion of the mechanisms for defect diffusion in graphite can be found in [26] [27] [28] [29] . In general, diffusion along the basal plane is more common due to anisotropic atomic binding.
It must be noted that the BEPO reactor operating temperature (20-120°C) is below the usual graphite moderated reactor operating temperature (>350°C) which may have hindered defect mobility. However, the reported migration energies of single vacancies and interstitials (created as a result of irradiation) vary considerably. Trevethan et al. [28] calculated ca. 1.1eV and 2eV for single vacancies and interstitials respectively (from DFT calculations), whereas Gulans et al. [27] calculated much lower interstitial migration energies of ca. 0.3eV based on unbound interstitial configurations. In both these publications, the calculated migration energies were related to temperature using the Arrhenius formula, assuming a commonly used vacancy occurrence rate of 100/second and a defect vibrational frequency of 10 14 Hz [27, 28] . This analysis implies that a vacancy migration energy of 1.1 eV would correspond to a temperature of approximately 180°C. The low basal surface energy barrier (1.06 meVÅ -2 [30] ) and the increase in nanocrystallinity following irradiation may create more possibilities for surface and grain boundary diffusion which would be expected to occur at much lower temperatures. Having established stable EEL spectra collection conditions (as discussed in section 2), the variation in plasmon energy within and on the edge of a microcrack and in the neighbouring graphite bulk was measured using STEM/EELS spectrum imaging, as shown in Figure 8 . For each area investigated high and medium angular annular dark field (HAADF/MAADF) images were acquired and then HAADF, MAADF and EELS spectrum images were collected from a specific region of interest. 0.68-6.2nm wide line scans of the EELS spectrum image were used to measure the energy position of the (π+σ) plasmon, π plasmon peak, and the intensity of the π plasmon. Hyperspy was used to fit Gaussians to the two plasmon peaks and extract the required information (Figure 9 ) [31] . A fitting of a typical low loss spectrum using Gaussian peaks is shown in Figure 9 ; the following constraints were used: -π plasmon Gaussian centred at ca. 6.25eV (with a constraint on the FWHM (β): 0.25eV ≤ β ≤ 6eV); -(π+σ) plasmon Gaussian centred at ca. 25eV (10eV ≤β ≤ 17eV). outlined by the green rectangle and the low loss and core loss EELS spectrum images were analysed from the region within the red box. Vertically integrated EEL spectra from the bulk are plotted in (b) for low loss and in (c) for background subtracted core loss. Figure 9 Gaussian fits (green and red) over raw (red dotted) low loss EELS data using HyperSpy. Figure 10 Extracted data from the low loss EEL spectra from the region of interest outlined in red in Figure 8 Six areas were examined in BEPO16 and BEPO20. The extracted data from the low loss EEL spectra from the region of interest outlined in red in Figure 8 (c) is shown in Figure 10 . In the bulk, the (π+σ) plasmon energy was measured to be between 26.2eV and 27.7eV which is characteristic of near-perfect graphite [17, 32, 33] . This is also consistent with the findings in [11] where a significant change in (π+σ) plasmon energy in the bulk due to irradiation was not observed. The energy of the (π+σ) plasmon peak decreased over all cracks but to differing degrees. The most extreme case was seen in BEPO20 where the plasmon energy was measured to be 21.5eV at the crack centre; on average the plasmon energy over a microcrack decreased to ca. 23.8eV. For comparison the value for amorphous carbon is ca. 22eV [33, 34] . These results show slightly lower values for (π+σ) plasmon energy than those found from EFTEM data, which could be due to the differing collection angles, however the trends are the same.
In addition, the possibility of a change in relative sample thickness would also slightly affect the measured plasmon peak energies. The (π+σ) plasmon energy (Ep) is related to the density (N) by:
so that the observed reduction in (π+σ) plasmon energy across a crack represents a reduced density of material within the cracks [35] (h: Plank's constant, e: electron charge; m0: electron rest mass, ε0: vacuum permittivity). This reduction in density is not seen in bulk irradiated graphite [11] which implies that the contents of the crack are a result of atomic diffusion into the crack and not the remains of an ordered graphite structure.
The π plasmon peak energy also reduced in value across the crack in all areas examined. In the bulk, the π plasmon energy was measured to be between 6.0eV and 6.3eV which is again characteristic of near-perfect graphite [32, 33] . In all cases, the reduction in π plasmon energy was to ca. 5 ± 0.5eV suggesting a reduction in crystallinity and density possibly due to sub 10nm crystallite sizes [36] . The normalised intensity of the π plasmon peak was also measured; a π plasmon window from 4.5eV to 8eV and total intensity window from -3eV to 50eV were used. The intensity was found to reduce by an average of 40% relative to the bulk, which indicates a reduction in the degree of π bonding. These results are in line with those from polycrystalline graphite in [36] where a correlation between π plasmon energy and relative intensity was also found; and with results from a graphitization series in [18] where EELS spectra from pre-graphitized material show a π plasmon intensity of ca. 50% of that in the graphitized product.
In the core loss region, the π* and σ* peaks, and the Gaussian associated with changes in intensity of the high energy shoulder of the π* peak (at ca. 287eV) were analysed using HyperSpy [31] . Both these measured fitted peak intensities were normalised to the total carbon K-edge intensity (integrating over a ca. 20 eV window). A fitting of a typical carbon K-edge using Gaussian peaks (G1 to G5, as labelled) is shown in Figure 11 . All five core loss Gaussians were fitted using the following constraints:
-G1 centred at ca. 284.5eV (with a constraint on the FWHM (β): 0.25eV ≤ β ≤ 2eV); -G2 centred at ca. 286.45eV (0.2eV ≤β ≤ 4.0eV) -G3 centred at ca. 288.25eV (0.2eV ≤β ≤ 4.0eV).
-G4 centred at ca. 291.25eV (2.1eV ≤ β ≤ 3.0eV); -G5 centred at ca. 296.75eV (11.2eV ≤ β ≤ 13.1eV).
Full details of this analysis method can be found in [11] . However, briefly, the relative intensity under G1 is assumed to represent the proportion of planar sp 2 bonded carbon, as found in pristine graphite, whereas the combined relative areas under G2 and G3 represent the proportion of non-planar sp 2 bonded carbon, similar to that found in fullerenes. In previous studies [11, 18, 19] 
Discussion and Conclusions
TEM imaging of a set of nuclear graphites irradiated at different doses (but low temperatures) has shown the number of microcracks within the material increased with increasing dose, fragmenting the crystalline microstructure into smaller nanocrystalline regions. This is in agreement with the Raman spectroscopy data for these samples, measured by Krishna et al. [12] who observed that the ratio between the intensities of the D and G Raman peaks (ID/IG ratio) and the width of the G peak both increased with increasing neutron dose. The change in ID/IG ratio was attributed to a change in crystallite dimension, La, which was calculated to be 60% smaller in BEPO20 as compared to the low dose BEPO1 specimen using the relationship of Tuinstra and Koeing [37] . HRTEM image analysis showed that in irradiated specimens, the graphite basal planes in the bulk material appeared to be shorter in length and of an increased tortuosity, but with no observed relation to received dose. This is in agreement with the Raman data, where analysis of the broadening G peak was related to an increase in the degree of turbulence and disordering of basal planes [12] .
For the regions investigated, all microcracks of width <100nm were either fully or partially filled with low density material in agreement with the study of Wen et al. [6] on unirradiated and Karthik et al. [9] on irradiated nuclear graphite materials. From EELS and EDX measurements we found this material to be composed of low density carbon and of reduced graphitic character. Comparing the surrounding bulk material to the material within the cracks in irradiated specimens, EELS revealed a reduction in the volume plasmon energy within the microcracks consistent with a lower density material, together with a 30% reduction in planar sp 2 bonded carbon which was replaced by non-planar sp 2 bonded carbon. The degree of structural change of the bulk material was not observed to vary with respect to received dose. In material surrounding the microcracks in irradiated specimens, EFTEM measurements revealed a ca. 8nm periodic change in graphitic character, which was tentatively assigned to the beginnings of microcrack formation, where a region of low graphitic character will widen to form a microcrack containing disordered carbon.
The presence of disordered graphitic material within microcracks before irradiation potentially has implications for the evolution of the material within these microcracks and also the mechanisms behind dimensional change around microcracks during neutron irradiation. The accommodation by microcracks of c-axis expansion of graphite crystals during irradiation, discussed in the introduction, could be significantly affected by the presence of lower density material within the crack preventing crack closure either partially or totally.
The origin of disordered material within cracks of unirradiated specimens is not addressed in the literature, although it is possible that the material be a result of incomplete graphitization or the presence of quinolone-insolubles (QI) (which are higher in coal-tar pitches as opposed to petroleum based pitches [9] ). However Karthik reports QI occurs as particles within the binder regions of the nuclear graphite microstructure [9] , but that is not to say this disordered material is not mobile. Note that it is not expected that the low temperature annealing (ca. 230°C) of the BEPO graphite would cause significant restructuring of either the bulk graphite or the material within the cracks. An alternative explanation could be that the cleavage microcracks, created as a result of anisotropic thermal expansion/contraction, act as sinks for irradiation induced defects -filling with disordered carbon as defects cluster and segregate at these low energy sites. However, the migration energy of a single vacancy is such that it only becomes mobile above an irradiation temperature of 180°C, and this is predicted to be even higher for a single interstitial defect [28] . This initially suggests that the disordered material observed within the cracks does not accumulate as a direct result of migration of irradiation-induced defects, however as discussed previously, the low basal surface energy barrier and the irradiation-induced fragmentation of the microstructure creates increased possibilities for fast diffusion pathways via surfaces and grain boundaries.
If the microcracks do act as diffusion sinks for irradiation-induced defects, then we might expect the total amount of disordered material within the cracks to increase gradually with increasing dose.
Although we tentatively suggest that the areal concentration of cracks does increase with dose, we have no direct evidence for the total amount of disordered carbon material similarly increasing. Admittedly the increase in the Raman ID/IG ratio could be due (at least partially) to an increase in the total amount of disordered material in cracks, as well as the result of a decrease in crystallite size due to fragmentation of the microstructure.
In order to resolve this discussion, a further much more quantitative and detailed analysis of the incrack material within non-irradiated specimens and irradiated specimens at a range of temperatures is required. In-crack material structure and behaviour following high temperature (>2000°C) annealing would also be of interest. Notwithstanding, the presence of low density material within microcracks has implications for the understanding of radiation-induced dimensional change and the associated changes in properties of nuclear graphite during service life. The characterisation technique could be extended beyond nuclear graphite and applied to a wide range of carbon materials.
